n mammalian cells, repair of the common oxidative lesion 8-oxoG is mediated through BER, which is initiated by OGG1 (39 kDa) 1 . OGG1 hydrolyzes the N-glycosidic bond between the base and sugar, generating an abasic site. While OGG1 has been classified as a bifunctional glycosylase/AP lyase, its AP lyase activity is extremely weak and OGG1's turnover can be stimulated by AP endonuclease 1 (APE1, 35 kDa) 2 . The action of APE1 provides a 3′ OH for one-base-gap filling by DNA polymerase β. Repair is completed by DNA ligase I or III.
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n mammalian cells, repair of the common oxidative lesion 8-oxoG is mediated through BER, which is initiated by OGG1 (39 kDa) 1 . OGG1 hydrolyzes the N-glycosidic bond between the base and sugar, generating an abasic site. While OGG1 has been classified as a bifunctional glycosylase/AP lyase, its AP lyase activity is extremely weak and OGG1's turnover can be stimulated by AP endonuclease 1 (APE1, 35 kDa) 2 . The action of APE1 provides a 3′ OH for one-base-gap filling by DNA polymerase β. Repair is completed by DNA ligase I or III.
One important rate-limiting step during BER is access to DNA adducts in tightly packed chromatin in the nucleus. Several studies have shown that DNA lesions and repair intermediates wrapped around a nucleosome are poor substrates for glycosylases and APE1 (refs. [3] [4] [5] [6] ). Furthermore, the orientation of a DNA lesion in a nucleosome also impacts the accessibility of a glycosylase to initiate its repair [7] [8] [9] . Chromatin remodeling proteins and histone chaperones have been suggested to help overcome this barrier [10] [11] [12] , but the nature of this process remains unresolved [13] [14] [15] [16] . A similar process of chromatin remodeling must occur during global genomic NER of UV-induced photoproducts 17, 18 . To this end, UV-damaged DNA binding (UV-DDB) protein complex has been shown to play a major role in global genomic NER as the initial sensor of the two major types of UV-induced DNA lesions, the cyclobutane pyrimidine dimer (CPD) and (6-4) photoproduct (6-4PP) 19 . UV-DDB is a heterodimeric complex consisting of DDB1 (127 kDa) and DDB2 (48 kDa) that binds avidly to UV-irradiated DNA 20 . In the nucleus, UV-DDB, as part of CUL4A-RBX E3 ubiquitin ligase, acts to modify core histones around the sites of UV lesions 21, 22 . Mutations in the gene encoding DDB2 can give rise to the autosomal recessive disorder termed xeroderma pigmentosum complementation group E (XP-E) and skin cancer [23] [24] [25] [26] . The absence of functional DDB2 in cells results in significantly delayed removal of 6-4PPs and an overall reduced rate of CPD repair 27 . Interestingly, a survey of binding affinities for different DNA lesions revealed that UV-DDB binds more readily to abasic sites than CPDs 28 . Because abasic sites represent key intermediates in BER, we sought to determine whether UV-DDB binding to 8-oxoG and abasic sites alters downstream processes in BER.
We found that UV-DDB stimulates OGG1 activity on 8-oxoG:Ccontaining substrates approximately three-fold and APE1 cleavage of abasic sites up to nine-fold. Single-molecule studies revealed that UV-DDB can form complexes on DNA with either OGG1 or APE1 and facilitates their dissociation. Finally, cellular experiments showed that UV-DDB is rapidly recruited to sites of 8-oxoG formation, and loss of UV-DDB activity sensitizes cells to an oxidant that primarily induces 8-oxoG lesions. Our current study provides novel insight into a new damage sensor role for UV-DDB in BER.
CPD five-to six-fold in an in vitro system of purified NER proteins 29 . However, despite this stimulation, the damage specificity of UV-DDB for CPD has been contested 28, 30 . One study indicated that UV-DDB has little specificity for a DNA duplex containing a CPD 30 , whereas a later study indicated increased specificity for CPD 28 . Interestingly, this study also indicated that UV-DDB had the highest affinity for an abasic site, followed by a CPD, and the lowest affinity was for unmodified DNA 28 . Two separate groups have crystallized full-length human 31 and zebrafish UV-DDB (lacking the N terminus of DDB2) 32 complexed to a DNA fragment containing an abasic site. We therefore first sought to quantify UV-DDB binding affinities for undamaged DNA and four different types of DNA damage: CPD, tetrahydrofuran (THF, a stable abasic site analog), 8-oxoG:C and 8-oxoG:A. We performed electrophoretic mobility shift assays (EMSAs; Fig. 1a and Supplementary Fig. 1b-f) , and apparent equilibrium dissociation constants (K d ) were determined from the binding isotherms presented in Fig. 1a . Consistent with the report by Wood and colleagues 28 , our data clearly demonstrated that UV-DDB, in the presence of magnesium, bound to DNA containing a THF moiety with ~290-fold higher affinity (THF37; K d = 3.9 ± 0.5 nM) than that for non-damaged DNA (UD37; K d = 1108 ± 95.5 nM) and with eight-fold higher affinity than that for CPD (CPD37;
. Surprisingly, UV-DDB also had an approximately seven-fold increase in specificity for a 37-bp duplex containing either an 8-oxoG:C pair (8-oxoG37(G:C); K d = 159.6 ± 12.4 nM) or an 8-oxoG:A pair (8-oxoG37(G:A); K d = 163.8 ± 14.8 nM) compared with that for non-damaged DNA (Table 1) .
UV-DDB stimulates OGG1 excision and subsequent AP lyase activity. Having confirmed that 8-oxoG lesions and abasic sites, key substrates in the BER pathway, are bound tightly by UV-DDB, we asked whether UV-DDB binding can alter human OGG1 incision kinetics (Fig. 1b) . OGG1 is the primary enzyme responsible for removal of 8-oxoG during BER. The glycosylase activity of OGG1 releases the oxidized guanine from the sugar moiety; the subsequent AP lyase activity of OGG1 is much weaker than its glycosylase activity, causing product inhibition of the protein and causing it to stay bound to an abasic site 2 . Incubation of a 37-bp substrate containing an 8-oxoG:C (50 nM, 8-oxoG37(G:C)) with increasing amounts of OGG1 (0-250 nM) alone led to accumulation of incised products ( Supplementary Fig. 2b ). Time course studies with two different preparations of OGG1 showed slow incision kinetics and were consistent with results from previously published work 2 ( Fig. 1c,d ). Additional EMSA experiments showed that OGG1 bound THF37 with approximately three-fold higher affinity than 8-oxoG37(G:C) ( Supplementary Fig. 3a ). These data align with the concept that OGG1 binds more readily to abasic sites, and thus, product release is rate limiting for OGG1, as reported previously 2 . We hypothesized that UV-DDB may facilitate OGG1 AP lyase activity and product release, in a manner similar to that of APE1-mediated turnover of OGG1 (ref. 2 ). Time course experiments in the absence and presence of an optimal concentration of UV-DDB (16 nM) (as determined in Supplementary Fig. 2d ,e) indicated that UV-DDB could enhance OGG1-mediated incision of DNA approximately three-fold Fig. 1a . These data are based on three independent experiments. The K d value is the best-fit value ± standard error of the fit to the observed data.
( Fig. 1c,d ). Because the kinetics of OGG1 incision is relatively slow, we verified that OGG1 remains active and that UV-DDB can stimulate OGG1 after 2 h of pre-incubation without UV-DDB ( Supplementary Fig. 2f,g ). Furthermore UV-DDB was able to stimulate OGG1 beyond that observed with APE1, which is known to stimulate the turnover of OGG1 (ref.
2
; Supplementary Fig. 2h ,i). Because UV-DDB binds specifically to 8-oxoG:A pairs, we tested whether MUTYH, a monofunctional glycosylase that removes the A across from an 8-oxoG adduct, is also stimulated by UV-DDB. UV-DDB, over a 100-fold concentration range (0.5-50 nM), stimulated the glycosylase activity of MUTYH (10 nM) approximately four-to seven-fold ( Supplementary Fig. 2j,k) . EMSA experiments with OGG1 and UV-DDB showed that UV-DDB, which has a ninefold higher affinity for abasic sites than for OGG1, can displace OGG1 from abasic sites ( Supplementary Fig. 3c,d ). Taken together, these data suggest that UV-DDB facilitates the enzymatic turnover of OGG1 and MUTYH by prompting displacement of these enzymes from their products.
UV-DDB stimulates APE1 incision activity. Because UV-DDB binds to abasic sites ( Fig. 1a) with similar affinity as APE1 ( Supplementary Fig. 3b ), we next assessed whether UV-DDB influences APE1 incision of these substrates (Fig. 1e ). The addition of 10 nM UV-DDB to 0.5 nM APE1 caused a maximum stimulation effect (approximately eight-fold increase) (Fig. 1f,g ). Initial rate experiments indicated that UV-DDB enhanced the rate at which APE1 bound and incised abasic sites ( Supplementary Fig. 2n ,o). We also discovered that stimulation of APE1 incision activity by UV-DDB was concentration dependent, reaching a maximum (10 nM) at approximately 2.5-fold more than the K d (3.9 nM), then subsequently declining at higher concentrations ( Supplementary  Fig. 2l,m) . These results suggest that stable dimerization of UV-DDB at a damaged site, which occurs at higher protein concentrations 33 ( Supplementary Fig. 3c ), may block APE1 access to abasic sites, eliminating any enhanced activity. These incision kinetic data, when combined with the affinity data, indicate that UV-DDB may stimulate the turnover of APE1 activity or facilitate product release during the APE1 catalytic cycle during BER. This concept was tested in more detail, described below.
UV-DDB facilitates dissociation of OGG1 or APE1 from abasic DNA. We next sought to understand the mechanism of UV-DDB stimulation of OGG1 or APE1 incision activity and tested the hypothesis that equal molar or excess (ten-fold) UV-DDB would increase the rates of dissociation of OGG1 or APE1 from abasic sites, thus increasing their rates of turnover. We used a singlemolecule approach involving a DNA tightrope assay to follow the rates of OGG1 and APE1 dissociation. In this experiment, OGG1 and APE1 were labeled with 605 nm quantum dots (Qdots) using an antibody sandwich approach in which a primary mouse anti-His antibody was bound to a His-tagged OGG1 or APE1 protein, then goat anti-mouse secondary antibody-coated 605 nm Qdots (Fig. 2a) . Qdot-labeled OGG1 or APE1 was observed in the absence or presence of unlabeled UV-DDB on DNA tightropes containing one abasic (THF) site every 2 kb (Methods) for a total of 5 min, and the number of Qdot-labeled proteins dissociating during that time was noted. The addition of unlabeled UV-DDB to either OGG1 or APE1 did not substantially change the linear diffusion of these proteins along DNA (Fig. 2b,c) . However, both proteins displayed a two-to three-fold increase in the frequency of dissociation (during a 5-min observation window) when UV-DDB was added (Fig. 2d,e) . Addition of equimolar or a ten-fold excess of UV-DDB to OGG1 decreased the half-life of OGG1 from 863 s to 353 s or 182 s, respectively (Fig. 2f) . Addition of equimolar or a ten-fold excess of UV-DDB also decreased the half-life of APE1 on THF DNA from 942 s to 335 s or 270 s, respectively (Fig. 2g) . These data suggest that UV-DDB facilitates the dissociation of OGG1 and APE1 molecules on THF-containing DNA, which may contribute to the stimulation of the incision kinetics observed in Fig. 1 . These data further support the idea that UV-DDB can displace OGG1 from abasic sites, as was observed in EMSA experiments ( Supplementary Fig. 3c,d ).
UV-DDB can colocalize with OGG1 or APE1 on DNA containing abasic sites. Because UV-DDB and OGG1/APE1 are capable of binding to abasic sites individually, we sought to further investigate the potential interaction of UV-DDB with these two BER proteins on DNA containing abasic sites. We developed an orthogonal labeling strategy for direct dual-color fluorescence imaging of Flag-tagged UV-DDB, labeled with a biotinylated goat anti-Flag primary antibody and streptavidincoated 705 nm Qdots, with His-tagged OGG1 or APE1, labeled with 605 nm Qdots, as described above (Fig. 3a) . Qdot-labeled UV-DDB was first injected into a flow cell containing DNA tightropes with one abasic site (THF) every 2 kb, and then Qdotlabeled OGG1 or APE1 was injected. After injection, all flow was stopped. Owing to the transient nature (mobility and dissociation) of UV-DDB, APE1, and OGG1 binding to damaged DNA, we reasoned that colocalization might be a relatively rare event. We found that colocalization of OGG1 and UV-DDB or of APE1 and UV-DDB accounted for 9.5% and 9.4% of all particles, respectively (Fig. 3b,e) . Some of these colocalized molecules (Fig. 3c ,f) were found to diffuse on the DNA together, suggesting direct interactions on DNA; however, the overall motion of the repair proteins did not change substantially when complexed together ( Supplementary Fig. 4a-f ). The kymographs of merged channels (Fig. 3d,g ) showed colocalization of green and red signals, indicating specific binding of OGG1 or APE1 with UV-DDB (additional kymographs shown in Supplementary Fig. 4g ,h and Supplementary Videos 1 and 2). Also note that UV-DDB helps Bar graph data shown as weighted mean ± weighted s.d. with three independent experiments. (**P < 0.01; ***P < 0.001 by two-tailed Student's t test). e, Comparison of dissociation percentage of 605 Qdot-labeled APE1 in the absence or presence of unlabeled 1× or 10× UV-DDB. Bar graph data are represented as weighted mean ± weighted s.d. with three independent experiments. (**P < 0.01; ***P < 0.001 by two-tailed Student's t test). f, Effects of UV-DDB on the life times of OGG1-DNA complexes. Data plotted as the mean ± s.e.m. from three independent experiments. For each condition, survival fraction decay is fit to a single exponential decay function to obtain the half-life. g, Effects of UV-DDB on the life times of APE1-DNA complexes. Data plotted as the mean ± s.e.m. from three independent experiments. For each condition (without UV-DDB or with 1×/10× UV-DDB), survival fraction decay is fit to a single exponential decay function to obtain the half-life.
to dissociate OGG1 (Fig. 3d and Supplementary Video 1) . Taken together, these data suggest that UV-DDB can associate and migrate with OGG1 or APE1 on DNA.
Involvement of UV-DDB in base excision repair of oxidative damage in living cells. Having shown that UV-DDB greatly stimulates APE1 incision, we next sought to determine whether UV-DDB stimulates an in vitro human BER reaction. In this experiment, DNA duplex containing an abasic site across from a guanine was cleaved by APE1, and DNA polymerase β (Pol β) incorporation of [α-32 P]-dCTP was monitored over time in the presence or absence of UV-DDB (Fig. 4a) . Pol β incorporation of [α-32 P]-dCTP in a onenucleotide gap was stimulated ~30-fold by UV-DDB (Fig. 4b) . The formation of full-length, ligated product in the presence of DNA ligase III indicate that UV-DDB does not inhibit subsequent steps in BER. These data suggest that although UV-DDB has affinity for a nicked site, it does not interfere with Pol β incorporation or DNA ligase III activity during the BER reaction.
To confirm that UV-DDB stimulates BER in living cells, we performed a series of cell survival experiments. Potassium bromate is a strong oxidant that induces 8-oxoG lesions in DNA 34 . Previous studies have shown that other NER factors, such as XPC, play an important role in 8-oxoG recognition and removal 34, 35 . To test whether UV-DDB plays an important role in protecting cells against oxidative DNA damage, cells were treated with potassium bromate, and cell growth was determined. Two lymphoblastoid cell lines from patients with the XP-E phenotype showed increased sensitivity in a short-term (72 h) growth assay, compared with two control cell lines from two individuals with apparently normal NER ( Supplementary  Fig. 5b ). However, these differences did not reach statistical significance, and we therefore performed a DDB2-knockdown experiment. siRNA depletion of UV-DDB in an immortalized fibroblast line (BJ-hTERT) ( Supplementary Fig. 5c ) showed significant sensitivity to potassium bromate (Fig. 4c) in a long-term (7 d) growth assay. Knocking down DDB2 did not decrease the expression levels of OGG1 or APE1, confirming that the sensitivity was solely due to the effect of DDB2 (Supplementary Fig. 5c ).
We next sought to determine whether UV-DDB is recruited directly to sites of 8-oxoG damage. We targeted 8-oxoG to the telomeric regions of DNA in vivo using a novel chemoptogenetic approach 36, 37 . This innovative technology consists of a fluorogen activating peptide (FAP) fused to the telomere shelterin protein telomeric repeat-binding factor 1 (TRF1), which binds specifically to telomeric sequences. The FAP binds a photosensitizer (MG2I) with picomolar affinity, which when excited by 660 nm light produces singlet oxygen and subsequent 8-oxoG damage only at telomeric sequences 37 (Fig. 4d) . U2OS cells expressing the TRF1-FAP construct containing mCherry-DDB2 were treated with the MG2I dye (100 nM) and 660 nm light for 10 min, then immediately harvested for immunofluorescence. UV-DDB colocalized with fluorescent PNA-FISH probes at telomeres immediately after dye and light treatment (~10 min) but not in control cells (Fig. 4e) .
The difference between percent colocalization of UV-DDB at telomeres in control cells (1.3 ± 0.16 %) versus that in cells treated with dye and light (19.6 ± 2.24%) was highly significant (P < 0.001) (Fig. 4f) . A time course experiment showed that the DDB2 foci significantly decreased in the first 30 min after damage and returned to control levels by 2 h, indicating that the telomeres were being repaired ( Fig. 4g and Supplementary Fig. 5d ). Interestingly, we found that OGG1 colocalized with DDB2 at the telomeres, and the OGG1 foci disappeared with slower kinetics than that of DDB2. It is worth noting that the maximum recruitment of OGG1 to damaged telomeres occurs at 30 min after dye and light, which is later than DDB2, suggesting an early role of UV-DDB in allowing OGG1 to access the damage site. We also observed a slight increase in the number of DDB2 foci at 1 h (compared with 30 min) after damage induction. It is possible that UV-DDB is playing two roles in BER at 8-oxoG-damaged sites: first perhaps by opening chromatin and second in working with APE1 to help OGG1 turnover to further recruit downstream proteins ( Fig. 4g and Supplementary Fig. 5d ). Furthermore, live-cell imaging showed that mCherry-DDB2 was recruited to telomeres immediately after the damage was induced (Supplementary Video 3) . Taken together, these data provide strong support for a direct role of UV-DDB in the processing of 8-oxoG adducts in human cells.
Discussion
Here, we report a novel function for UV-DDB in BER of 8-oxoG. We found that UV-DDB, through its robust recognition of abasic sites 28, 38 , provides a remarkable stimulation of OGG1 glycosylase/ lyase and MUTYH glycosylase activities, as well as APE1 incision activity. In reconstituted BER reactions with purified proteins and a substrate containing an abasic site, UV-DDB was able to stimulate Pol β gap filling by over 30-fold. Single-molecule studies demonstrated that this phenomenon is mediated by the ability of UV-DDB to facilitate the dissociation of OGG1 and APE1. Cell experiments demonstrated that lower UV-DDB expression sensitized cells to an oxidant known to induce 8-oxoG lesions. Future studies will focus on constructing DDB2-knockout cell lines to determine the precise role of UV-DDB in protecting cells from oxidant injury. Finally, using a highly innovative chemoptogenetic approach 36, 37 , we demonstrated that UV-DDB is rapidly recruited to 8-oxoG lesions undergoing repair. Together these data implicate UV-DDB as a general damage sensor during the removal of 8-oxoG by BER.
BER proteins have been suggested to work in a highly concerted manner through substrate channeling 39 . For example, APE1 has been reported to stimulate the slow turnover rate of OGG1 (ref.
2 ). OGG1 has also been reported to cooperate with APE1 or NEIL1 to facilitate enzymatic turnover 40, 41 . Furthermore, APE1 has been found to be stimulated by PARP1 (ref. 42 ) or the Rad9-Rad1-Hus1 (9-1-1) complex 43 , and OGG1 has been suggested to be stimulated by RAD52 (ref. 44 ), indicating that cross-talk between multiple DNA repair pathways is possible. To this end, we found that the canonical NER protein UV-DDB stimulates the AP lyase activity of OGG1 by increasing the rate of OGG1 turnover, in a protein concentration-dependent manner. Protein-facilitated dissociation has been observed previously by Marko et al 45, 46 . This group proposed that a protein bound to DNA undergoes domain-specific transient microdissociations from the DNA, whereas macrodissociation occurs when multiple domains dissociate simultaneously or if another protein molecule binds to the segment of DNA that has been vacated by the domain microdissociation. We believe that the action of UV-DDB to avidly bind to abasic sites helps facilitate the turnover of OGG1, MUTYH, and APE1. APE1, whose incision activity was greatly stimulated by UV-DDB, showed lesspronounced dissociation effects by UV-DDB. These data indicate that there is an upper limit to UV-DDB's facilitated dissociation rate and/or that UV-DDB can increase the catalytic efficiency of APE1. APE1 displays rapid rates of diffusion along DNA; even though its k cat is in the range of 100/s 47 , its rapid diffusion along DNA at approximately 1 bp/4-5 μs 48 may allow it to occasionally skip over an abasic site, and thus, it is somewhat 'blinded' , owing to its rapid searching rate. Because UV-DDB and APE1 were observed to bind on DNA together, UV-DDB may cause APE1 to pause at a site of damage to increase the likelihood of 'seeing' the abasic site, facilitating catalysis and incision of the sugar phosphate backbone.
Given that our biochemical and biophysical studies strongly suggest direct involvement of UV-DDB in BER, we further verified this concept using cell experiments. Potassium bromate is a strong oxidant that induces significant levels of 8-oxoG 34 . We showed depletion of DDB2 with siRNA in telomerase-immortalized human fibroblasts also increased sensitivity to potassium bromate. Finally, using a novel chemoptogenetic approach to introduce singlet oxygen-induced 8-oxoG damage at telomeres 36, 37 , we showed that UV-DDB was rapidly recruited to damaged regions and participates in their repair. Together, these data suggest that UV-DDB helps process 8-oxoG damage in human cells. Along with previous work that suggested that both XPA 35 and XPC 34 work with BER enzymes to help stimulate the removal of 8-oxoG, our data indicate an important cross-talk between NER proteins and BER repair proteins. In this regard, it is interesting to note that Sancar et al., using a reconstituted human NER system, showed that 8-oxoG was apparently recognized and removed as part of the oligonucleotide, consistent with the idea that NER can act on oxidative lesions 49 . Finally, these data suggest that UV-DDB's damage repertoire includes other DNA modifications beyond UV-induced photoproducts. In support of this idea, Seidman et al. showed that UV-DDB is rapidly recruited to sites of angelicin-thymine monoadducts 50 .
In conclusion, our results demonstrate that UV-DDB plays a damage sensor role during BER by interacting with and stimulating OGG1 and APE1 activities. We believe that UV-DDB is critically involved in maintaining genomic stability by facilitating these early steps of BER. On the basis of our current studies, we propose a new working model for processing 8-oxoG by BER (Fig. 5 ). There are three functional steps that compose the repair of oxidative damage in DNA: lesion recognition and strand scission, DNA gap tailoring, and DNA synthesis and ligation. Our data are consistent with rapid recruitment of UV-DDB to 8-oxoG-damaged sites within chromatin. UV-DDB as part of the Cul4A-RBX complex (not shown) may help to identify 8-oxoG in the context of a nucleosome, allowing access by BER proteins. It has been shown that OGG1 and APE1 have difficulty processing lesions in DNA wrapped around a nucleosome 7, 12, 16 , and it is not clear how base damage is efficiently recognized in the context of chromatin 4, 11, 13 . Furthermore, OGG1 remains tightly bound to the abasic DNA upon removal of the flipped out 8-oxoG base and has a slow rate of strand scission. This OGG1-AP DNA post-glycosylase complex is recognized by APE1 or UV-DDB, inducing OGG1 turnover. We believe that owing to its high affinity for abasic sites, UV-DDB may help the turnover of other glycosylases. The stimulation of MUTYH removal of an A across from 8-oxoG supports this hypothesis. UV-DDB is also recruited to the remaining nicked abasic site to stimulate APE1-induced incision. This newly formed single-base gap is recognized by DNA Pol β, and UV-DDB stimulates incorporation of dNTP into the gap. It is also expected that PARP1 and the XRCC1-LIGIII heterodimer work together in the completion of repair (not shown). The experiments presented here suggest a new level of coordination in the BER pathway orchestrated by UV-DDB, with OGG1, MUTYH and APE1 in the initial recognition and processing steps. It is interesting to note that loss of even one allele of DDB2 causes increased spontaneous tumors in mice [51] [52] [53] . Future studies will explore the role of UV-DDB in damage recognition of BER intermediates wrapped around nucleosomes and the role played by its associated E3 ligase (CUL4A/RBX) during BER.
Note added in proof: After our work was accepted for publication, a report appeared by Thoma and co-workers 54 demonstrating that UV-DDB is able to change the register of DNA lesions on highly positioned nucleosomes by sliding the occluded damage site to a more exposed face to allow recognition by other DNA repair enzymes. This work is consistent with our working model presented in Fig. 5 .
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Methods
Expression and purification of recombinant UV-DDB, OGG1, MUTYH, and APE1. Recombinant full-length UV-DDB (DDB1-DDB2 heterodimer) was expressed in Sf9 cells coinfected with recombinant baculovirus of DDB1-His 6 and DDB2-Flag, as performed previously 31 . Briefly, DDB1-His 6 and DDB2-Flag were purified using a 5 ml His-Trap HP column pre-charged with Ni 2+ (GE Healthcare) and anti-FLAG M2 affinity gel (Sigma). The pooled anti-FLAG eluates were size fractionated on a HiLoad 16/60 Superdex 200 column (Amersham Pharmacia) in UV-DDB storage buffer (50 mM HEPES, pH 7.5, 200 mM KCl, 1 mM EDTA, 0.5 mM PMSF, 2 mM DTT, 10% glycerol and 0.02% sodium azide). Purified fractions of DDB1-DDB2 complex from the Superdex200 were aliquoted and flash frozen with liquid nitrogen and stored at −80 °C. Recombinant human OGG1 protein was purchased from Novus Biologicals or purified from bacterial cells as a GST fusion as previously described 55 . Mouse MUTYH was purified as described previously 56 . Recombinant wild-type or a catalytically dead triple mutant (K87E/E96Q/D210N) His-tagged human APE1 was expressed in Escherichia coli and purified as described previously 47, 57 . DNA Pol β was purified as described previously 58 ; uracil glycosylase was purified as described previously 59 ; DNA ligase III was purified as described previously 60 . Purified APE1, OGG1, and UV-DDB proteins are shown in Supplementary Fig. 1a .
Preparation of EMSA DNA substrate with fluorescein labels at either the 5ʹ or 3ʹ end. The 37-bp duplex DNA substrates used for EMSA experiments were prepared by annealing single-stranded oligos at 95 °C for 5 min and then cooled to room temperature for 1 h by turning off the heating device. The AP37 duplex DNA was prepared through reaction with uracil DNA glycosylase (NEB, USA).
The following oligonucleotides were used: Equilibrium dissociation constant determination from electrophoretic mobility shift assay. To determine the equilibrium dissociation constants of UV-DDB binding to various DNA lesions, we conducted EMSAs with fluorescein-modified DNA substrates. DNA substrates, held constant at 8 nM, were mixed with increasing amounts of UV-DDB and incubated for 20 min at room temperature in reaction buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 2 mM DTT, 5% glycerol, 0.5 mg/ml BSA). A 5 μl aliquot of each reaction was loaded on a 5% polyacrylamide (37.5:1, acrylamide:bis) native gel, in duplicate, and run at 100 V for 50 min at 4 °C in 1/2× TBE with 5 mM MgCl 2 . Gels were imaged using a laser scanner for fluorescence (Typhoon, Amersham). The percentage of total DNA bound by protein was determined by measuring the band intensity present in the bound states and dividing by the total band intensity in the lane. Background signals from blank regions of the gel were subtracted from the signal intensities obtained from bands. The percentage of DNA bound in each reaction was plotted against the concentration of UV-DDB, and the binding isotherm was fit to the following equation using nonlinear regression in GraphPad Prism:
where K d is the equilibrium dissociation constant, P is the total protein concentration, and D is the total DNA concentration, all in units M, as adapted from ref. 61 . Unlike other common models for fitting binding data that assume DNA concentration is well below the K d , this quadratic equation takes into account the DNA concentration. When the DNA concentration in a binding reaction is within the range of the K d , a significant fraction of the protein will be bound to the DNA, and thus total protein concentration cannot be used to approximate the amount of free protein, as discussed briefly in ref. 62 .
Enzyme cleavage assays. OGG1 and MUTYH activity assays. Reactions were carried out in a volume of 10 µl containing OGG1 incision buffer (20 mM HEPES, pH 7.9, 50 mM NaCl, 1 mM MgCl 2 , 1 mM DTT), 50 nM of fluorescein-labeled 8-oxoG-containing duplex DNA (8-oxoG37(G:C) or 8-oxoG37(G:A), described above) and the indicated amount of OGG1 or MUTYH and UV-DDB. Reactions were incubated at 37 °C for each time point (up to 4 h) and rapidly quenched by adding an equal volume of gel loading buffer (2× formamide dye solution), heated at 95 °C for 5 min, then cooled on ice for 5 min. For MUTYH experiments, 0.1 M NaOH was included in the quenching step to induce DNA nicking at the abasic site. The reaction product was separated by electrophoresis on 10% denaturing polyacrylamide gel and visualized using a laser scanner for fluorescence (Typhoon, Amersham). The substrate and product bands were quantified using GelAnalyzer software.
APE1 incision assay. APE1 incision reactions were carried out in a reaction mixture (10 µl) containing APE1 incision buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM DTT, 5% glycerol, 10 mM MgCl 2 ), 50 nM of fluorescein-labeled dsDNA containing THF (THF37, described above) and the indicated amounts of APE1 and UV-DDB. For the initial rate experiments, the 34bp DNA substrate was 200 nM.
Reactions were incubated at room temperature for each time point (up to 70 min) and stopped by adding an equal volume of 2× formamide-dye solution. Samples were incubated at 95 °C for 10 min and then quickly chilled on ice for 10 min. The reaction product was separated by 10% denaturing polyacrylamide gel and visualized using a laser scanner for fluorescence (Typhoon, Amersham). The substrate and product bands were quantified using GelAnalyzer software.
Reconstituted human BER assay. The BER assay was performed in a final reaction mixture volume of 20 μl, as described previously 63 . Briefly, the repair reaction mixture, assembled at 0-4 °C, contained 50 mM HEPES, pH 7.5, 20 mM KCl, 5 mM MgCl 2 , 0.5 mM EDTA, 2 mM DTT, 2 mM ATP, 5 μM [α-32 P]-dCTP (specific activity, 1 × 10 6 dpm/pmol), a 34-bp uracil-containing DNA (200 nM) pretreated with UDG, DNA polymerase β (Pol β) (20 nM), with or without DNA ligase III (250 nM) and/or UV-DDB (50 nM), as indicated. The repair reactions were then initiated by addition of 1 nM APE1 and transferring the reaction mixture to 37 °C. Aliquots (4.5 μl) were removed for analysis at the indicated times. The reaction was terminated by adding of an equal volume of DNA gel loading buffer (95% formamide, 20 mM EDTA, 0.02% bromophenol blue, and 0.02% xylene cyanol). After incubation at 75 °C for 2 min, the reaction products were separated by electrophoresis in a 16% polyacrylamide gel containing 8 M urea in 89 mM TrisHCl, pH 8.8, 89 mM boric acid, and 2 mM EDTA. A Typhoon phosphorImager was used for gel scanning and imaging, and the data were analyzed using ImageQuant software.
The following oligonucleotides were used in these assays: BER-U: p5ʹ-CTG CAG CTG ATG CGC UGT ACG GAT CCC CGG GTA ddC-3ʹ (IDT, USA) APE1-THF: 6FAM-5ʹ-CTG CAG CTG ATG CGC XGT ACG GAT CCC CGG GTAC-3ʹ, where X represents THF (IDT, USA) APE1-U: 6FAM-5ʹ-CTG CAG CTG ATG CGC UGT ACG GAT CCC CGG GTAC-3ʹ, where U represents Uracil (IDT, USA)
Single-molecule DNA tightrope assay. Single-molecule DNA tightrope assay was performed as described previously 33, 48, 64 . Briefly, poly-l-lysine (Wako Pure Chemicals) coated silica beads (5 μm; Polysciences Inc.) were deposited onto a PEG-treated coverslip (24 × 40 mm; Corning) in a custom flow cell. Definedlesion (abasic site) substrates were strung up across the beads via hydrodynamic flow. DNA substrates were made by tandem ligation of pSCW01 plasmid (~2 kb) with a single, site specific THF modification and proximal biotinylated thymine. Prior to imaging, purified His-tagged OGG1 or APE1 were labeled with secondary antibody-coated 605 nm quantum dots (Qdots; Invitrogen) through α-His primary antibody (Qiagen). For UV-DDB-facilitated dissociation experiments, quantum dot-labeled OGG1 or APE1 were injected into the flow cell at final concentrations of 2.6 nM with 1× or 10× UV-DDB conjugated to goat α-Flag primary antibody. For colocalization experiments, purified UV-DDB was conjugated to streptavidincoated 705 nm Qdots through biotinylated goat α-Flag primary antibody (Bethyl), and quantum dot-labeled OGG1, APE1, or UV-DDB were injected into the flow cell at final concentrations of 2.6 nM, 2.6 nM, or 3.1 nM, respectively. We conjugated each protein in separate reaction tubes and injected into the flow cell separately for dual-color experiments; flow was stopped during the observation period. Furthermore, we performed a control experiment to check whether there is any unwanted interaction between 705Qdot-labeled UV-DDB (DDB1 is Histagged) and α-His primary antibody conjugated to 605Qdots. We injected 705Qdot conjugated UV-DDB into the flow cell and then injected 605Qdot conjugated with α-His primary antibody, and observed for 4 hours. During this time, 20 particles were recorded, but none were co-localized. All binding experiments were carried out in tightrope buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 10 mM MgCl 2 , 0.1 mg/ml BSA (Roche), 50 nM biotin, and 1 mM DTT). Labeled proteins were visualized using oblique angle fluorescence (Nikon Eclipse Ti inverted microscope with Nikon 100X TIRF objective and 1.45 numerical aperture) with a 488 nm laser (power 1-2 mW) at the back focal plane to excite Qdots and the appropriate emission filter (Chroma) applied at RT. Images were acquired using Nikon Elements (4.2) and exported as TIFF stacks for kymograph processing and analysis in ImageJ (NIH). Differences between dissociation rates and motility fractions were assessed by one-way ANOVA.
